Figure 1. Mks1 Is a Negative Regulator of the RTG Pathway
(A and B) Northern blot analysis of specified mRNAs isolated from wild-type (WT) and mks1⌬ cells, derived from several different strain backgrounds, as indicated. To delete MKS1, the entire coding region of this gene was replaced with the LEU2 gene from plasmid pRS305 [17] , using standard gene replacement techniques [18] . ⌺1278 SS denotes strains obtained from the Schreiber laboratory and used in the study by Shamji et al.
[6]. ⌺1278 ED denotes strains obtained from the Dubois laboratory and used in the study by Feller et al. [8] . (C) Analysis of growth properties of strains on SCD agar plates that contained (left panel) or lacked (right panel) glutamine. Cells were grown in YPD to OD 600 ϭ 1.0, washed with sterile 50 mM potassium phosphate (pH 7.5), serially diluted and spotted out onto plates, and incubated for 3 days at 30ЊC. SCD media contained 0.8% yeast nitrogen base without amino acids (pH 5.5), 2% dextrose, and 0.2% glutamine where appropriate. In addition, to supplement the auxotrophic requirements of these strains, SCD media was also supplied with appropriate amino acids, adenine, and uracil as described [20] .
(D) Northern blot analysis of specified mRNAs isolated from wild-type and mutant strains deleted for the indicated gene(s). In (A), (B), and (D), cells were grown in YPD (1% yeast extract, 2% peptone, 2%
dextrose) to mid-log phase (0.5 OD 600 /ml), and total RNA was isolated and analyzed as described [19] . (E) Localization of Rtg1-GFP in wild-type (WT) versus mks1⌬ cells. Cells were transformed with plasmid pRTG1-GFP [7] and grown to mid-log phase (0.5 OD 600 /ml) in SCD media that contained glutamine but lacked uracil (to select for plasmid maintenance). Images documenting GFP localization were collected on a Nikkon Eclipse E600 microscope using a 60ϫ oil immersion objective (Nikkon) and recorded with a CCD camera (Hamamatsu) using an exposure time of 2 s. Image analysis was performed using Open Lab software (Improvision, Boston, MA). All strains in (C)-(E) were derived from the W303 background [12] . demonstrating that Rtg2 is not required for the expressequestered in the cytoplasm in the presence of glutamate and/or glutamine [7] . Constitutive expression of sion of these target genes in the absence of Mks1 ( Figure  1D, lanes 5 and 7) . These expression patterns of CIT2 RTG target genes in mks1⌬ cells suggested that the Rtg1/Rtg3 complex might be localized in the nucleus and DLD3 also correlated with the growth properties of the different mutants on selective solid media. Thus, even under rich nutrient conditions. To test this prediction directly, we monitored the localization of an Rtg1-GFP whereas mks1⌬, rtg2⌬, and rtg2⌬ mks1⌬ cells all grew on agar plates containing ammonia and glutamine as fusion protein in mks1⌬ cells grown in glutamine-containing rich media. Indeed, we observed that Rtg1-GFP nitrogen sources, only mks1⌬ and rtg2⌬ mks1⌬ cells grew on plates that lacked glutamine ( Figure 1C) . Taken was localized primarily in the nucleus in mks1⌬ cells versus in the cytoplasm in wild-type cells ( Figure 1E ). together, these results indicate that, in the absence of Mks1 activity, the RTG pathway is expressed constituWe also observed that an Rtg3-GFP fusion protein was localized in the nucleus in mks1⌬ cells under these same tively, and Rtg2 becomes dispensable for growth, at least under these experimental conditions. As expected, conditions (data not shown). Taken together, these results indicate that Mks1 is involved in retaining the Rtg1/ deletion of MKS1 failed to suppress the glutamine auxotrophy of either rtg1⌬ or rtg3⌬ cells ( Figure 1C ).
Rtg3 complex in the cytoplasm in response to glutamine availability. We have shown previously that the RTG pathway is controlled in part by regulated nucleocytoplasmic transTo extend the results of the above expression studies, we determined global transcriptional changes that report of Rtg1 and Rtg3, where these proteins become sulted from the loss of Mks1 function. To this end, DNA stitutively active, namely, in mks1⌬ and rtg2⌬ mks1⌬ cells ( Figure 2C ). Indeed, the patterns of expression of microarrays covering Ͼ95% of the yeast genome were probed with fluorescently labeled cDNAs prepared from these genes in the various mutant strains were virtually identical to the patterns observed for CIT2 and DLD3 wild-type and mks1⌬ cells, using each of the three strain backgrounds described above. Of the more than 6200 (compare Figures 1D and 2C ). Thus, we conclude that increased LYS gene expression is a secondary event genes examined, only a very small number of genes displayed significant differences in expression (3-fold that follows activation of the RTG pathway in cells lacking Mks1. Consistent with this conclusion, mks1⌬ cells or greater), and most were elevated in mks1⌬ cells (Figures 2A and 2B) . In addition to CIT2 and DLD3, this list have increased levels of ␣-ketoglutarate, a product of the RTG pathway and an inducer of lysine biosynthesis includes other known RTG targets, most notably, genes encoding enzymes associated with the early steps of Figure 4A, lanes 3 and 7) . In stark contrast, the mobility of Mks1-HA 3 shifted to a much slower and heterogenous form in rtg2⌬ cells, suggesting Mks1 is hyperphosphorylated in the absence of Rtg2 ( Figure 4A , lane 5). Whether these complexities in the pattern of Mks1 phosphorylation reflect physical interactions with one or more of the Rtg1-3 proteins remains to be determined.
We have demonstrated previously that rapamycin treatment mimics removal of glutamine from the growth media, with respect to RTG target gene activation [7] . Thus, to extend our present findings, we monitored CIT2 mRNA levels in wild-type as well as in rtg2⌬, mks1⌬, and rtg2⌬ mks1⌬ cells in media that either contained or lacked glutamine ( Figure 3C ). Here the overall pattern of CIT2 expression observed was very similiar to the pattern described above when rapamycin was added to cells grown in rich media (compare Figures 3A and  3C ). In particular, high levels of CIT2 expression was observed in both mks1⌬ and rtg2⌬ mks1⌬ cells in the presence of glutamine; moreover, these levels did not increase following removal of glutamine from the growth media ( Figure 3C, compare lanes 5 through 8) . Therefore, we conclude that, in the absence of Mks1 activity, RTG target gene expression is largely uncoupled from regulation by glutamine. By contrast, wild-type cells showed normal glutamine-dependent inhibition of CIT2 expression ( Figure 3C, compare lanes 1 and 2) .
We also wanted to verify the physiological significance of rapamycin-induced changes in the phosphorylation state of Mks1. We reasoned that if dephosphorylation of Mks1 is relevant to the mechanism of RTG target gene activation, then a similar effect should be observed when cells are grown in media lacking glutamine. Indeed, we observed a reproducible increase in the mobility of Mks1-HA 3 when wild-type cells were treated with rapamycin or grown in glutamine-deficient media ( Figure  4C, compare lanes 1 through 3) . Glutamine depletion in combination with rapamycin addition produced an type and mutant strains, as indicated. Cells were grown in YPD to (formally RPL32) was also analyzed, which displays reduced expres-OD 600 ϭ 0.5. Each culture was then divided into two, and cells were sion in the presence of drug, in agreement with our previous obserthen pelleted and resuspended in SCD media that either contained vations [19] .
or lacked glutamine, as indicated. Cells were incubated for 30 min, (B) Quantitation of data from (A), where the y axes indicate relative harvested, and then processed for Northern blot analysis, probing mRNA levels, normalized to ACT1 levels.
for the specified mRNAs.
Many of the functional interactions we have characterized can be described in terms of a formal pathway where TOR is linked to RTG target gene expression through interplay between Rtg2 and Mks1 ( Figure 5A ). According to this model, the primary function of Rtg2 is to inhibit Mks1, which, in turn, negatively regulates Rtg1 and/or Rtg3, most likely by preventing nuclear localization of the Rtg1/Rtg3 complex. This model can account for why Rtg2 is not essential for expression of RTG target genes in the absence of Mks1. Moreover, it can explain why these target genes are not induced when rapamycin is added to rtg2⌬ cells ( Figures 3A and  3B) in SCD media that contained or lacked glutamine, as indicated. Each (C) Comparing the influence of rapamycin and/or glutamine deprivaculture was then divided into two again, and rapamycin was added tion on Mks1 phosphorylation. Wild-type and rtg2⌬ strains expressat a final concentration of 0.2 g/ml to half of the samples, as ing Mks1-HA 3 were grown in YPD to OD 600 ϭ 0.5. Each culture was indicated. Cells were incubated for 30 min and were processed for then divided into two, and cells were pelleted and resuspended Western blot analysis.
